Volatile sulfur compounds (VSCs) are a major class of chemicals associated with odor from animal feeding operations (AFOs). Identifying and quantifying VSCs in air is challenging due to their volatility, reactivity, and low concentrations. In the present study, a canister-based method collected whole air in fused silica-lined (FSL) mini-canister (1.4 L) following passage through a calcium chloride drying tube. Sampled air from the canisters was removed (10-600 mL), dried, preconcentrated, and cryofocused into a GC system with parallel detectors (mass spectrometer (MS) and pulsed flame photometric detector (PFPD)). The column effluent was split 20:1 between the MS and PFPD. The PFPD equimolar sulfur response enhanced quantitation and the location of sulfur peaks for mass spectral identity and quantitation. Limit of quantitation for the PFPD and MSD was set at the least sensitive VSC (hydrogen sulfide) and determined to be 177 and 28 pg S, respectively, or 0.300 and 0.048 mg m À3 air, respectively. Storage stability of hydrogen sulfide and methanethiol was problematic in warm humid air (25 1C, 96% relative humidity (RH)) without being dried first, however, stability in canisters dried was still only 65% after 24 h of storage. Storage stability of hydrogen sulfide sampled in the field at a swine facility was over 2 days. The greater stability of field samples compared to laboratory samples was due to the lower temperature and RH of field samples compared to laboratory generated samples. Hydrogen sulfide was the dominant odorous VSCs detected at all swine facilities with methanethiol and dimethyl sulfide detected notably above their odor threshold values. The main odorous VSC detected in aged poultry litter was dimethyl trisulfide. Other VSCs above odor threshold values for poultry facilities were methanethiol and dimethyl sulfide. Published by Elsevier Ltd.
Introduction
There is much agreement as to the source of odor in rural landscapes; however, there is little agreement and understanding as to what constitutes odor from animal feeding operations (AFOs). The presence of odors in rural communities has been shown to affect not only the quality of life surrounding these facilities (Thu et al., 1997; Wing and Wolf, 2000) but also the property values of homes in their general vicinity (Palmquist et al., 1997) . Schiffman and Williams (2005) have speculated that odors are not only a nuisance but also have potential environmental and health effects associated with them. However, data linking odors to any type of respiratory impairment are scant with most health-related effects being based on self-reporting of symptoms (i.e., headaches, runny nose, etc.) in both laboratory studies and rural community surveys (Thu et al., 1997; Wing and Wolf, 2000) . Consequently, understanding the source of odor may help in determining potential health risks associated with odor and help in the development of odor abatement strategies.
Until recently, most air quality monitoring studies at AFOs typically focused on volatile organic compounds (VOCs), hydrogen sulfide, and ammonia as odorous pollutants (Zahn et al., 1997 (Zahn et al., , 2001 Schiffman et al., 2001; Gralapp et al., 2001; Lim et al., 2003; Wright et al., 2005) . Little attention has been given to the importance of volatile sulfur compounds (VSCs), and the techniques employed in these studies may actually preclude detecting many of these compounds. Despite the analytical sampling shortcomings of these studies, conclusions of many of these papers are that VSCs are not a significant contributor to odor from AFOs (Zahn et al., 1997; Schiffman et al., 2001; Wright et al., 2005) . These conclusions regarding VSCs may be erroneous given the low odor threshold values of most VSCs (Devos et al., 1990 ) and the fact these compounds have been identified as the dominant odorants emitted from both municipal sewage systems and pulp and paper mill facilities.
In general, hydrogen sulfide is the only VSC monitored at AFOs, but recent work by Willig et al. (2004 Willig et al. ( , 2005 ) measured methanethiol at a swine facility as high as 160 mg m À3 (Willig et al., 2005) , which is more than 70 times above its odor threshold value. This may indicate that methanethiol adds significantly to odor; however, no study to date has focused on VSC emitted from AFOs. The extent to which other VSCs contribute to odor is largely unknown since sampling and analysis of VSCs is challenging due to the volatility (Wardencki, 1998; Lawrence et al., 2000) ; reactivity (Chen and Morris, 1972; Millero et al., 1987; Devai and DeLaune, 1994; Wardencki, 1998; Bandosz, 2002; and Bentley and Chasteen, 2004) ; loss on surfaces (Kuster and Goldan, 1987; and Sulyok et al., 2002) ; and low concentrations in ambient air (Wardencki, 1998) . Methods need to be developed that are robust enough to handle typical environmental conditions at AFOs (i.e., temperature, humidity, and dust), while at the same time being able to speciate and quantify VSCs.
Field sampling of VSCs for speciation purposes consist of either pre-concentration of select compounds or whole air samples. Pre-concentration of VSC in ambient air using solid-phase microextraction (SPME) has been demonstrated to be inadequate for quantitative purposes due to competitive sorption/reverse diffusion of other volatile compounds (Murray, 2001; Lestremau et al., 2003a, b) , transformation of compounds during analysis (Nielsen and Jonsson, 2002a; Lestremau et al., 2004) , and difficulty of calibrating fibers matching the sampling air matrix (Haberhauer-Troyer et al., 1999; Nielsen and Jonsson, 2002b; Lesteremanu et al., 2003a, b) . While there has been some success in the use of sorbent tubes for VSC analysis (Tangerman, 1986; Radford-Knoery and Cutter, 1993; Simo et al., 2003) , relative humidity (RH) (Steudler and Kijowski, 1984) and transformation of VSC during analysis (Baltussen et al., 1999; Lestremau et al., 2004) are still major obstacles faced when using sorbent tubes.
Whole air sampling has many of the same issues that pre-concentration techniques have since air samples from these containers must be concentrated with SPME fibers or thermal desorption tubes prior to analysis. In addition, Tedlar bags may be effective at holding VSCs in dry environments (Sulyok et al., 2001) ; however, in humid environments, this technique has been shown to sorb and potentially degrade VSCs (Kuster and Goldan, 1987) . Drying of air using desiccates has been shown to improve results with Tedlar bags, but the results are short term due to the diffusion of humidity into the bags with storage (Nielsen and Jonsson, 2002a, b; Cariou and Guillot, 2006) . Stainless-steel canisters and surfaces have also been found unsuitable material for the sampling and transferring of VSCs since exposure to these surfaces leads to the rapid loss of the most reactive compounds (Parmar et al., 1996; Kim et al., 2006) .
The development of fused silica coatings onto stainless steel has reduced the surface reactivity of stainless steel and improved the storage stability and recovery of VSCs from stainless steel canisters (Parmar et al., 1996; Sulyok et al., 2001) . Recovery of VSCs in the sub-ppb levels are possible in high RH environments (495%) (Ochiai et al., 2001) , but stability of these compounds stored in moist fused silica lined (FSL) canisters has still been shown to be poor (Ochiai et al., 2002) . The objective of this study is to present a method for measuring VSCs in rural environments using a FSL-canister sampling and analysis system. The use of canister field sampling in rural environments has distinctive advantages over other field sampling methods in that include: (1) canisters do not require sampling pumps or controllers to collect samples; (2) compounds are not lost with storage due to diffusion out of sampling devices; (3) field cryotrapping is not required for trapping and storage of samples; and (4) canisters are more durable than other sampling devices.
Materials and methods

Laboratory experiment
All sulfur gases were purchased from Scott Specialty Gases (Plumsteadville, PA), made up in nitrogen (oxygen free) gas with an accuracy of 72% and a tolerance blend of 75%. Individual standard gases included hydrogen sulfide (5, 10, 100 ppm), carbonyl sulfide (495 ppm), sulfur dioxide (495 ppm), dimethyl sulfide (495 ppm), methanethiol (495 ppm), carbon disulfide (495 ppm), and dimethyl disulfide (10 ppm). In addition, a sulfur gas mixture was used containing hydrogen sulfide, carbonyl sulfide, methanethiol, dimethyl sulfide, and carbon disulfide all at 10 ppm in oxygen-free nitrogen gas.
Reference gases for both calibration standards and humidity study were mixed and diluted using a dynamic dilution system (4600A, Entech Instruments Inc., Simi Valley, CA). Stainless-steel surfaces in the dynamic diluter manifold were coated with fused silica to minimize sorption and reaction of gases on surfaces. Table 1 shows target compounds with molecular weight, odor threshold, and vapor pressure at 25 1C (1 atm). Calibration gas concentrations used for the MS ranged from 0.35 to 890 ng S. Standard curves for each VSC was based on an eight-point calibration curve for the MSD and four-point calibration curve for the pulsed flame photometric detector (PFPD). All calibrating reference standard points were run in duplicate as a minimum. The limit of quantitation (LOQ) was calculated as 10 times standard deviation of the mean blank value as measured by peak height. Linearity of the method was based on both the coefficient of determination, r 2 , and percent relative residual standard deviation of the response factor.
RH in canisters was established either statically or dynamically under ambient temperatures (23 1C) and pressures. Static technique consisted of introducing 25 mL of HPLC grade water, while the canister was under vacuum. Standard sulfur gases and mixtures of gases were introduced into the canister following the water addition until the gauge pressure was at ambient pressure. Estimated RH inside the 1.4 L canister at 23 1C was 87%. The dynamic technique introduced humidified zero grade air into a Teflon cylindrical manifold (i.d., 4.1 cm, Savillex, Co., Minnetonka, MN) along with dry sulfur gases from the diluter at a total flow rate of 400 mL min À1 . The manifold was maintained at ambient temperatures (23 1C) and pressures. RH and temperature of the diluting zero grade air was verified using Traceable s Hydrometer/Temperature recorder (Fisher Scientific, New Castle, DE). Devos et al. (1990) .
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Drying of humid air with a desiccant was also tested with the dynamic technique. Air from the humidified gas stream was passed through the canister filter assembly containing a calcium chloride drying tube. Flow into the canister was slowed using restriction samplers to increase residence time of humid air in the calcium chloride.
Field sampling
Samples were collected at production facilities by either filtered quick fill (grab samples) or time integrated samples (8 h) using restriction samplers. All surfaces on canisters and restriction samplers were coated with fused silica to minimize loss of reactive sulfur compounds.
Sampling locations included:
(1) Swine lagoon: The lagoon was located on a swine facility containing 10 animal housing units, arranged in two parallel rows of five. Animal waste was flushed through underground piping into a nutrient lagoon with the supernatant being pumped into a secondary lagoon and used to fertilize nearby fields. Time integrated samples without calcium drying tubes were taken 20 m northeast of the primary lagoon at a height of 2 m above lagoon surface. Prevailing winds in the sampling area were from the southwest. Samples were rapidly transported back to the lab and analyzed within 5 h. Air temperature and RH were 4 1C and 55%, respectively. In concurrence with the VSC field sampling, hydrogen sulfide emissions were being monitored with API-101E (Teledyne Instruments, San Diego, CA) ambient hydrogen sulfide analyzer (Summer et al., 2005) . (2) Swine building: The swine building samples were taken at the Iowa State University Swine Nutrition and Management Research Farm in the swine finishing confinement building. The building is tunnel ventilated with animal waste being collected in shallow pits with pull-plug flushing system that removes the waste through underground piping into a steel storage container. Two grab samples were taken inside one of the finisher rooms at approximately 1 m height, while four grab samples were taken from one of the farrowing rooms at approximately 1 m height. All samplers used calcium chloride drying tubes and were rapidly transported back to the lab and analyzed within 1-5 h of sampling. Room temperature and RH throughout the facility were approximately 19 1C and 51%, respectively. (3) Swine building pit fans: Pit fans samples were collected from a 3000 head swine production facility located central Iowa. The facility contained three animal housing units with natural ventilation and animal waste collected in deep pits below the animal housing for storage. Grab samples with calcium chloride drying tubes were taken from the exhaust fan of the deep pit and analyzed within 0.5 h. Air temperature and RH were 16 1C and 66%, respectively. (4) Poultry house: The commercial broiler house where air samples were taken had a dimension of 13.1 Â 155.5 m 2 (43 Â 510 ft.
2 ) and an eastwest orientation. Mechanical ventilation of the house was achieved by either sidewall fans (four, 0.9 m diameter) or tunnel fans (10, 1.2 m diameter), depending on the climate and bird age. Rice hull was used as the bedding material. After each flock, caked litter (mixture of bedding and manure) along the drinker and feed lines was removed. The canisters without calcium chloride drying tubes were placed on the litter floor after the caked litter had been removed from the house. Canister were transported to the laboratory for analysis in less than 18 h. The litter had accumulated for two flocks of production. During sample collection, air temperature was 0 1C with an RH of 76%. In concurrence with the VSC field sampling, hydrogen sulfide emissions were being monitored with API-101E (Teledyne Instruments, San Diego, CA) ambient hydrogen sulfide analyzer.
Canister preparation and analysis
All canisters were purchased from Entech Instruments Inc. (Simi Valley, CA) and cleaned prior to taking in the field using an Entech 3100A automated cleaner system (Entech Instruments Inc.). The cleaner system heats canister to 110 1C while filling canisters to approximately 2 atm with humidified zero grade nitrogen that was followed by evacuating canisters to 6.6 Pa using a molecular drag pump. This process was repeated three times to ensure both VOCs and VSCs were adequately removed from each canister. Final vacuum in each canister was set at 1.33 Pa.
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Analysis of 1.4 L FSL canisters was performed using an Entech Instrument Inc. (Simi Valley, CA) canister system which was coupled to an Agilent Technologies Inc. (Wilmington, DE) gas chromatography (GC) system. Canisters were sampled using a robotic autosampler (7500, Entech Instruments Inc.) interfaced with a three stage preconcentrator (7100, Entech Instruments Inc.). The 7100 controls the amount of sample removed from each FSL canister (i.e., 10-600 mL) and concentrates the sample using a three-stage trapping system. The 7100 used the cold trap dehydration technique for the concentration of VSCs. In this procedure, the VSCs in the air sample pass through the first stage (empty trap, temperature À20 1C) before being trapped in the second stage (Tenax, temperature À80 1C). Water in the air matrix is removed in the first stage. The second trap is heated and the VSCs are trapped again on cryofocusing trap (fused silica tube, temperature À150 1C), which is rapidly heated and transfers the VSCs into an Agilent 6890N (Agilent Technologies Inc.). Transfer lines between the 7500, 7100 and GC system were coated with fused silica and set at 150 1C. The 6890N GC was equipped with GS-Gaspro column (30 m Â 0.32 mm Â 0.25 mm) (J&W, Wilmington, DE) using helium gas at 0.7 mL min À1 constant flow, and equipped with both 5973 Inert MSD (Aglient Technologies) and PFPD (OI Analytical, College Station, TX) connected in parallel. The column effluent was split using an Agilent microfluidic plate (Agilent Technologies Inc.) prior to the MSD/ PFPD detectors at an approximate 20:1 ratio.
The GC was set at a constant flow (0.7 mL À1 ); oven temperature program was: initial temp., 40 1C; final temp., 260 1C; initial time, 1.0 min; final time, 17.0 min; and ramp 20 1C min À1 . The MS transfer line and source temperatures were 240 and 150 1C, respectively. Mass spectrometer was operated in scan mode with electron ionization (electron accelerating voltage: 70 V). The scan was set from m/z 24 to 300 in 0.7 s. For determination of the target compounds using MSD, selected ion chromatograms over molecular ions (hydrogen sulfide: 34 m/z, methanelthiol: 48 m/z, sulfur dioxide: 64 m/z, carbonyl sulfide: 60 m/z, carbon disulfide; 76 m/z; dimethyl sulfide: 62 m/z, dimethyl disulfide: 94 m/z, and dimethyl trisulfide: 126 m/z) were used. The PFPD detector was set at 200 1C, 2 mm combustor tube, detector voltage at 600 V, detector gate delay at 6 ms, gate width at 24 ms, and detector trigger at 400 mV. The gas flows to the detector were at 12 mL min À1 hydrogen, 11 mL min À1 zero grade air, and 12 mL min À1 helium.
Results and discussion
3.1. Method performance Fig. 1 shows the chromatograms obtained for the analysis of gas standards and field sample collected from a poultry facility. Table 2 shows a list of response factors associated with different VSCs using the both the PFPD and MSD detectors. The response factor for each VSCs using the PFPD was equimolar as expected with an average response factor of 3.86 Â 10 7 area (ng S) À1 with a relative standard deviation (RSD) of 17% between compounds. The equimolar response was as expected since other researchers have demonstrated similarly for various other S compounds (Cheskis et al., 1993; Kim et al., 2005) . This is significant since this allows for the quantitation of VSCs without standards using the average response factor of the PFPD and identification by MS analysis.
The LOQ for hydrogen sulfide on the PFPD was 177 pg S or 0.30 mg S m À3 (based on 600 mL sample); however, it should be kept in mind that our GC effluent split was set at 20:1, making our theoretical limit of quantitation set at 8.8 pg S or 0.015 mg S m À3 . The LOQ for VSCs using the PFPD is well below typical odor thresholds for most sulfur compounds (Devos et al., 1990) . The linear dynamic range for VSCs using the PFPD was limited; hydrogen sulfide and carbonyl sulfide linearity ranged from 0.35 to 5.6 ng S or from 0.58 to 280 mg S m À3 this assumes sampling volumes of 600 and 20 mL for minimum and maximum concentrations, respectively. The linear dynamic range for dimethyl sulfide and methanethiol ranged from 0.35 to 2.80 ng S or from 0.58 to 280 mg S m À3 , and carbon disulfide and dimethyl disulfide linearity ranged from 0.70 to 2.2 ng S or from 1.17 to 110 mg S m À3 . The MSD gave us excellent results when used in conjunction with PFPD and was not limited in its linear range as was the case for PFPD. The PFPD allowed us to locate VSCs, and quantitation was performed using SIM for the various VSCs (Table 1 ). The MSD LOQ for hydrogen sulfide was determined to be 28.5 pg S or 0.048 mg S m À3 (based on 600 mL sample). Linear range of our method for hydrogen sulfide using the MSD ranged from 0.35 to 890 ng S or from 0.58 to 44 750 mg S m
À3
.
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In general, the linear range for all other VSCs were set at hydrogen sulfide's linear range; however, dimethyl disulfide linear range was limited due to evidence of its transformation into dimethyl trisulfide at concentrations above 3677 ng S or 2626 mg S m À3 .
Storage stability
The storage stability of all the VSCs tested in dry nitrogen environment was excellent with greater than 90% recovery even after 4 days of storage (Fig. 2) . This is consistent with Devai and DeLaune (1994) who demonstrated the stability of these compounds in the presence of both oxygen and nitrogen. However, the introduction of water into canisters resulted in both hydrogen sulfide and methanethiol rapid degradation with less than 60% recovered after 4 h (data not shown). This is consistent with the findings of others who have shown that the stability of hydrogen sulfide and methanethiol is strongly influenced by the water content of the air matrix (Kuster and Goldan, 1987; Devai and DeLaune, 1994) . It should be pointed out that the stability of hydrogen sulfide and methanethiol was somewhat related to the oxygen content of the air matrix since humid samples of hydrogen sulfide stored under nitrogen had recoveries of 47% after 3 days, whereas, humid samples stored in zero grade air had complete loss of both hydrogen sulfide and methanethiol after 3 days. In a follow-up to the storage stability issues, canisters were fitted with calcium chloride drying tubes to remove water from the air flow stream to improve storage stability of both hydrogen sulfide and methanethiol (Tangerman, 1986) . The addition of the calcium chloride traps improve storage stability of both hydrogen sulfide and methanethiol with over 85% recovered after 6 h and 65% recovered after 24 h of storage. All other VSCs tested had recoveries greater than 90% after 28 h of storage. Based on weights of calcium chloride traps before and after sampling humid air the traps were able to sorb 17.9 mg water or 55% of the in-coming moisture (air temperature 25 1C, RH 96%). This left the RH inside the FSL canister at 40%, which explains why both hydrogen sulfide and methanethiol degraded rapidly (Fig. 3) .
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Storage stability of field samples collected using the calcium chloride drying tubes was better than laboratory generated samples (Fig. 4) . In fact, field samples were stable for up to 2 days before appreciable degradation of the reactive compounds occurred (Fig. 4) . The improved stability of hydrogen sulfide and methanethiol in field samples was due to the cooler temperatures (17 1C compared to 25 1C) and lower RH conditions (55% compared to 96%) that the field samples were taken compared to the laboratory generated samples. The moisture content of the air in the laboratory generated samples would have been 23.1 g m À3 compared to field sample averages of 8.6 g m À3 . Given the low moisture content of the field samples, it is not surprising the stability of field samples was excellent when FSL-canister used calcium chloride drying tubes. The storage stability of field samples (over 2 days) demonstrates the utility of canister based sampling and analysis methods in agriculture environments. However, it should be acknowledged that summer temperatures in the field at AFO often exceed 30 1C with RH conditions greater than 80% (Zahn et al., 1997 (Zahn et al., , 2001 ). Future research with canister sampling will include the development of slower sampling devices and more efficient water removal techniques. The goal is to obtain 85% 
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recovery of the most reactive sulfur compounds following 3 days of storage. It is thought that a 3-day storage stability of samples will allow adequate time between field sampling and laboratory analysis without appreciable loss of material. Table 3 shows a list of VSCs detected from swine, and poultry facilities. Distinct differences in the pattern of VSCs can be seen across animal production facilities and sampling locations within the facility (i.e., lagoon vs. animal building). The main odorous VSCs near a lagoon was hydrogen sulfide (only VSCs above odor threshold). While calcium chloride drying tubes were not used for the lagoon field samples, stability of the most reactive compounds was confirmed since hydrogen sulfide levels measured in the canister were similar to those levels measured for an API instrument (Summer et al., 2005) . The dominant sulfur odorant inside swine buildings and emitted from swine building via pit fans was hydrogen sulfide (Table 3 ). In fact, hydrogen sulfide was the only VSC above its odor threshold in swine building, while both methanethiol and dimethyl sulfide were detected from pit fans above their odor threshold. All other VSCs detected inside and outside swine facility were at concentrations lower than their odor threshold. The lower methanethiol values, we detected in our samples compared to those of Willig et al. (2005) may reflect the age of the manure since our swine building pits were flushed weekly and samples taken from the pit fans were taken 2 weeks following the pumping of the deep pit, while Willig et al. (2005) samples were taken between 4 and 12 weeks of manure storage.
Field samples
Canisters samples taken from a poultry facility did not use calcium chloride drying tubes and they were analyzed 18 h after sampling; however, samples were taken at 0 1C with RH of 76% which correspond to air moisture contents of 8.9 g water m À3 . Poultry samples were analyzed 18 h after sampling and re-analyzed 3 days later. There was no appreciable loss of any compounds between 18 h samples and 3-day samples. However, an API instrument measured hydrogen sulfide levels at 7.1 mg m À3 at the time when canister samples were taken, and analysis of the canister samples did not detect any hydrogen sulfide. This indicates that there was some degradation of the more reactive VSCs. Based on canister analysis the dominant VSC detected inside a poultry facility was dimethyl trisulfide not hydrogen sulfide. In fact, the only other VSCs detected above odor threshold were methanethiol and dimethyl sulfide (Table 3 ). This in contrast to Chavez et al. (2005) since they determined that hydrogen sulfide and carbonyl sulfide were the dominant sulfur compounds in fresh poultry excreta. The difference between this study and those of Chavez et al. (2005) may reflect differences between fresh poultry excreta and litter following two production flocks.
Conclusion
The purpose of this study was to present a canister field sampling and analysis method for the 
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Disclaimer
Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and use of the name by the USDA implies no approval of the product to the exclusion of others that may be suitable.
